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DV KLJKWHPSHUDWXUH ORZF\FOH IDWLJXH +7/&) >@ 7KH VHUYLFH OLYHV DQG HQGXUDQFHV RI VWUDLQFRQWUROOHG
HQJLQHHULQJFRPSRQHQWVXQGHU+7/&)DUHXVXDOO\LQIOXHQFHGE\WKHIDFWRUVRIWHPSHUDWXUHVWUDLQUDWHHQYLURQPHQW
WRWDOVWUDLQUDQJHKHDWWUHDWPHQWHWF
*+VXSHUDOOR\KDVWKHVLPLODUPLFURVWUXFWXUHVDQGPHFKDQLFDOSURSHUWLHVWRWKRVHRI,QFRQHO>@7KLV
DOOR\ LV VWUHQJWKHQHGE\%&71L1E ȖƎ SKDVH SULPDULO\ DQG)&&1L $O7L Ȗƍ SKDVH FRPSOHPHQWDOO\7KH
PDLQVWUHQJWKHQLQJSKDVHPHWDVWDEOHȖƎSKDVH WUDQVIRUPV LQWRDQHTXLOLEULXPSKDVH įSKDVH LQ ODUJHTXDQWLWLHV
GXULQJWKHH[SRVXUHDERYH&,QSUHYLRXVVWXG\įSKDVHLVXVXDOO\VHHQDVDGHWULPHQWDOSKDVHLQIOXHQFLQJWKH
KLJKWHPSHUDWXUHORZF\FOHIDWLJXHEHKDYLRUVRI*+VXSHUDOOR\>@7KHXSSHUOLPLWRIVHUYLFHWHPSHUDWXUHLV
DERXW&D WHPSHUDWXUHEHORZZKLFKWKHPLFURVWUXFWXUHVDQGSURSHUWLHVRI WKLVDOOR\FDQUHPDLQVWDEOHGXHWR
ODUJH FRKHUHQFH GLVWRUWLRQV EHWZHHQ SUHFLSLWDWH SKDVHV DQG WKH PDWUL[ SKDVH Ȗ SKDVH >@ $V D FRQVHTXHQFH
*+DOOR\KDVEHFRPHRQHRIWKHPRVWZLGHO\XVHGVXSHUDOOR\VGXULQJPHGLXPORZWHPSHUDWXUHV
3LRQHHU UHVHDUFKHV VKRZHG WKH SHUIRUPDQFHV RI +7/&) RU FUHHSIDWLJXH RI *+ DQG ,QFRQHO  ,Q D
SUHOLPLQDU\VWXG\)RXUQLHUHWDOIRXQGWKDWDGHFUHDVHLQORZF\FOHIDWLJXHOLIHRIVWDQGDUGKHDWWUHDWHG,QFRQHO
RFFXUUHG DV WKH WHPSHUDWXUH LQFUHDVHG IURP URRP WHPSHUDWXUH WR & EHFDXVH RI DEXQGDQW WZLQQLQJ RQ
LQWHUJUDQXODUFUDFNLQJDWHOHYDWHGWHPSHUDWXUHV>@7KHIDFWRURIKROGWLPHZDVFRQVLGHUHGLQFUHHSIDWLJXHWHVWVRI
,QFRQHODW&E\1$6$5HVXOWVVKRZHGWKDWWKHQRUPDOL]HGF\FOHUDWLR1&5ZDVDERXWEHFDXVHWKH
WLPHGHSHQGHQWGDPDJHRI WKHKLJKWHPSHUDWXUHZDVJHQHUDWHG >@ ,QFRQHOZKLFKVXEMHFWHG WRGLIIHUHQWKHDW
WUHDWPHQWVZDVXVHGWRVWXG\WKHUROHRISUHFLSLWDWHVRQ/&)EHKDYLRUVE\3UDYHHQHWDO:KDW¶VPRUHWKHW\SLFDO
OLIH SUHGLFWLRQ PRGHO 0DQVRQ&RIILQ HTXDWLRQ ZDV DOVR FRQVLGHUHG RQ YDULRXV KHDW WUHDWHG FRQGLWLRQV LQ KLV
UHVHDUFK >@:HL HW DO VWXGLHG FUHHSIDWLJXH WHVWV RI GLIIHUHQW VWUDLQFRQWUROOHG ZDYHIRUPV RI &DVW *+ DW
 &$Q HQHUJ\EDVHGPRGHOZDVGHYHORSHG DIWHU DQDO\]LQJ WKH UHVKDSLQJRI K\VWHUHWLF ORRS DW KDOI OLIH >@
6KDQJHWDOGLVFXVVHGWKH+7/&)XQGHUPXOWLD[LDOORDGLQJE\GLIIHUHQWVWUDLQORDGLQJSDWKVVHTXHQFHRIWKHORDGLQJ
SDWKV DQG ORDGLQJ SDUDPHWHUV DW & RI *+ &UHHS HIIHFW ZDV REVHUYHG LQ WKH IDWLJXH SURFHVV GXH WR
LQWHUJUDQXODUIUDFWXUHSKHQRPHQDE\IUDFWRJUDSK\>@
+RZHYHU VWXGLHVGHYRWHG WRGLIIHUHQW VDPSOLQJUHJLRQVRIDQ LQKRPRJHQHRXVGLVFZHUH OLPLWHGHVSHFLDOO\ IRU
*+VXSHUDOOR\RU,QFRQHO3UDVDGHWDOLQYHVWLJDWHGVSHFLPHQVLQGLIIHUHQWVHFWLRQVULPKXEDQGERUHRI
DIRUJHGWXUELQHGLVFRI,QFRQHOXQGHUFUHHSIDWLJXHLQWHUDFWLRQV>@7KHDLPRIWKLVSDSHUZDVWRLQYHVWLJDWH
GLIIHUHQWWRWDOVWUDLQUDQJHVDQGVDPSOLQJUHJLRQVRIDQLQKRPRJHQHRXVUDGLFDOIRUJLQJ5)GLVFRQ+7/&)OLYHV
IUDFWXUHVXUIDFHVDQGVHFRQGDU\FUDFNVRIVWDQGDUGKHDWWUHDWHG*+VXSHUDOOR\DW&$GGLWLRQDOO\DJURXS
RIXSGDWHG UHJUHVVLRQSDUDPHWHUVXVLQJ DQHZRSWLPL]DWLRQPHWKRGZDVSURSRVHG WRREWDLQ D İ1FXUYH WKDWZDV
VXLWDEOHIRU*+LQWKLVVWXG\7KHPLFURVWUXFWXUHVRIVSHFLPHQVZHUHREVHUYHGE\RSWLFDOPLFURVFRSH20DQG
VFDQQLQJHOHFWURQPLFURVFRSH6(0
([SHULPHQWDOSURFHGXUHV
7KHWHVWHGVSHFLPHQVRI*+VXSHUDOOR\ZHUHSURYLGHGE\)XVKXQ6SHFLDO6WHHO6KDUHV&2/7'DQGFXW
IURPDQLQKRPRJHQHRXVUDGLFDOIRUJLQJGLVFZLWKDGLDPHWHURIPPDEEUHYLDWHGZLWK5)*+DVVKRZQLQ
)LJ D 3ULQFLSDO VWHSV RIPDWHULDOPROGLQJ RI WKLV GLVFZHUH XVHG DV IROORZV GXDO VPHOWLQJ 9,09$5 KLJK
WHPSHUDWXUHGLIIXVLRQDQQHDOLQJFRJJLQJDQGWKHQILQLVKLQJZLWKUDGLFDOIRUJLQJ7KHFKHPLFDOFRPSRVLWLRQRI5)
*+VXSHUDOOR\ZDVVKRZQLQ7DEOH6LQFHERWKVROLGVROXWLRQVWUHQJWKHQLQJDQGSUHFLSLWDWLRQVWUHQJWKHQLQJ
ZHUH WKH PDMRU VWUHQJWKHQLQJ PHFKDQLVPV IRU *+ VXSHUDOOR\ H[FHOOHQW SHUIRUPDQFHV DQG SURSHUWLHV ZHUH
REWDLQHGE\WKHVWDQGDUGKHDWWUHDWPHQWZKLFKZDVGLYLGHGLQWRVROLGVROXWLRQWUHDWPHQWDQGGRXEOHDJLQJWUHDWPHQW
>@7KHGHWDLOHGKHDWWUHDWPHQWSURFHGXUHVZHUHDVIROORZHGVROLGVROXWLRQDW&IRUKDLUFRROLQJILUVWVWDJH
DJLQJDW&IRUKFRROLQJDW&KWR&VHFRQGVWDJHDJLQJDW&IRUDIXUWKHUKDQGILQDOO\DLU
FRROLQJ $IWHU WKH VWDQGDUG KHDW WUHDWPHQW VPDOO VWULS VDPSOHV WKDW H[WUDFWHG IURP WKUHH GLIIHUHQW ORFDWLRQV
RXWHUPRVW LQWHUPHGLDWH LQQHUPRVW OD\HURI WKH LQKRPRJHQHRXV UDGLFDO IRUJLQJGLVFZHUHPHFKDQLFDOO\SROLVKHG
XVLQJ FRQYHQWLRQDOPHWDOORJUDSKLF SUHSDUDWLRQ WHFKQLTXHV )LQDOO\ VRPH SROLVKHG VXUIDFHVZHUH H[DPLQHG XQGHU
6(0GLUHFWO\ DQGRWKHUV WKDW HWFKHG DERXW VZLWK FRUURVLYH OLTXLG FRQVLVWLQJRI PO+&/ PO+2 PO
+12DQGJ&X&OZHUHH[DPLQHGXQGHU20
$VHULHVRID[LDO WHQVLOH+LJKWHPSHUDWXUH ORZF\FOH IDWLJXH WHVWVZHUHFDUULHGRXWE\XVLQJD VWUDLQFRQWUROOHG
WULDQJXODUZDYHIRUPRQDQ,167521WHVWPDFKLQH7KH+7&/)WHVWVZHUHFRQGXFWHGDW&&LQDLU
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HQYLURQPHQW XQGHU IXOO\ UHYHUVHG ORDGLQJ FRQGLWLRQ 5İ  DQG WHVW GDWD ZDV FROOHFWHG E\ 86% GDWD
DFTXLVLWLRQFDUG7RWDOVWUDLQUDQJHVRI+7/&)WHVWVZLWKDVWUDLQUDWHRIîVZHUHDQG
UHVSHFWLYHO\$IWHUWHVWLQJIDWLJXHIUDFWXUHPRUSKRORJ\DQGVHFRQGDU\FUDFNVZHUHDQDO\]HGE\6(0DQG20
DV VHHQ LQ )LJ E 7KH IODZOHVV VSHFLPHQV IRU +7/&)ZHUH VKRZQ LQ )LJ  DQG WKH HQGRIWHVW FULWHULRQZDV
GHILQHGWREHWKHGHFUHDVHLQWKHF\FOLFPD[LPXPWHQVLOHVWUHVVFRQIRUPLQJWR$60((>@
7DEOH&KHPLFDOFRPSRVLWLRQRI5)*+VXSHUDOOR\DOOLQZW


 
)LJD6FKHPDWLFGLDJUDPVKRZLQJGLIIHUHQWVDPSOLQJUHJLRQVRIWKHLQKRPRJHQHRXVUDGLFDOIRUJLQJGLVFEWKHZD\WR
DQDO\]HIDWLJXHIUDFWXUHPRUSKRORJ\DQGVHFRQGDU\FUDFNVRIDIWHU+7/&)WHVWV


)LJ6KDSHDQGGLPHQVLRQVRIIODZOHVVVSHFLPHQXVHGLQ+7/&)WHVWV
5HVXOWVDQGGLVFXVVLRQ
3.1. HTLCF life and hysteresis loop 
$ WRWDO RI+7/&) WHVWVZHUH FRPSOHWHG LQ WKLV SDSHU XQGHUZKLFKFRQGLWLRQVRI*+ VXSHUDOOR\V WKH
+7/&) HQGXUDQFHV ZHUH H[SHFWHG WR EH GRPLQDWHG E\ IDWLJXH EDVHG PLFURPHFKDQLVPV ZLWK OLWWOH RU QR FUHHS
GHIRUPDWLRQDQGR[LGDWLRQHIIHFWV >@$OOH[SHULPHQWDO UHVXOWVZHUH VKRZQ LQD W\SLFDOSORWRI)LJ ,W FDQEH
FOHDU WR QRWH WKDW WKH LQQHUPRVW OD\HU SRVVHVVHG WKH ORQJHVW IDWLJXH OLIHZKLOH WKH RXWHUPRVW OD\HU SRVVHVVHG WKH
VKRUWHVWRQH,QRWKHUZRUGVWKHJUHDWHVWUHVLVWDQFHWRIDWLJXHUHVLVWDQFHSHUIRUPDQFHDW&ZDVLQWKHFRUHRIWKH
LQKRPRJHQHRXVUDGLFDOIRUJLQJGLVF)URPWKHYLHZRIPDFURVFRSLFH[SODQDWLRQSXUHIDWLJXHHQGXUDQFHDQGIDWLJXH
SURSHUWLHVZHUHPDLQO\FRQWUROOHGE\VWUDLQSODVWLFUDQJHǻİ3RUQHWWHQVLOHK\VWHUHWLFHQHUJ\ǻİ3āıPD[DWKDOIOLIH
F\FOHE\0DQVRQHWDO>@
,Q DGGLWLRQ UHJDUGOHVV RI DQ\ VDPSOLQJ SRVLWLRQV WKH QXPEHUV RI F\FOHV IRU PDFURVFRSLF FUDFN IRUPDWLRQ
GHFUHDVHZLWK LQFUHDVLQJ WRWDO VWUDLQ UDQJHVZKHQFRPSDUHGZLWK WKH UHVXOWVRI WKHVDPH OD\HUZLWKGLIIHUHQW WRWDO
& 0Q 1L 6 3 &U 0R 1E 7L $O % )H
  %DO         
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VWUDLQ UDQJHV WKH VDPHFRORU LQ)LJ)RU WKHRXWHUPRVW OD\HU DW WKH ORZHVW WRWDO VWUDLQ UDQJH ǻİ7  WKH
+7/&)F\FOHVZHUHVLJQLILFDQWKLJKHUFRPSDUHGWRRWKHUWRWDOVWUDLQUDQJHVEHFDXVHWKHVSHFLPHQDOPRVWWHVWHGLQ
WKHUDQJHRIHODVWLFLW\GXULQJWKHHYROXWLRQRIZKROHIDWLJXHF\FOHVDVVHHQLQ)LJ

)LJ+7/&)OLYHVDWGLIIHUHQWVDPSOLQJSRVLWLRQVDQGHYROXWLRQRIF\FOLFK\VWHUHVLVORRSVDWWKHRXWHUPRVWOD\HURI*+VXSHUDOOR\
3.2. Cyclic stress response behavior 
)LJXUH  VKRZHG F\FOLF VWUHVV UHVSRQVH EHKDYLRUV RI +7/&) ZKHUH LW ZDV FOHDUO\ REVHUYHG WKDW *+
VXSHUDOOR\VXQGHUZHQWFRQWLQXRXVF\FOLFVRIWHQLQJIRUDOOGLIIHUHQWWRWDOVWUDLQUDQJHVDQGVDPSOLQJUHJLRQV:KDW¶V
PRUH UHODWLYH UDSLG F\FOLF VRIWHQLQJ ZDV VHHQ DW KLJKHU WRWDO VWUDLQ UDQJHV DQG QR VLJQLILFDQW GLIIHUHQFHV ZHUH
REVHUYHGIRUWKUHHGLIIHUHQWOD\HUVLQQHUPRVWLQWHUPHGLDWHDQGRXWPRVW8VXDOO\WKHSKHQRPHQRQRIF\FOLFVWUHVV
UHVSRQVHEHKDYLRUZDVUHODWHGWRGLVORFDWLRQGHQVLW\DQGVOLSEDQGGHQVLW\IRUQLFNHOEDVHGVXSHUDOOR\V>@
)RUVRPHRWKHUQLFNHOEDVHGDOOR\VDWKLJKWHPSHUDWXUHVXFKDV1LPRQLF$DQG:DVSDOR\WKHF\FOLFUHVSRQVH
VWUHVVUHDFKHGDPD[LPXPYDOXHF\FOLQJKDUGHQLQJIROORZHGE\VRIWHQLQJ7KHPHFKDQLVPVWRH[SODLQKDUGHQLQJ
LQYROYHGLQFUHDVLQJVOLSEDQGGHQVLW\UHVWULFWLRQRIFURVVVOLSDQGLQWHUDFWLRQEHWZHHQGLVORFDWLRQVDQGFDUELGHV>@
:KLOH IRU RWKHUV OLNH*+ VXSHUDOOR\ XQGHU VXFK FRQGLWLRQV WKH RULJLQV RI F\FOLF VRIWHQLQJZHUH REVHUYHG
)URPWKHEHJLQQLQJRIGHIRUPDWLRQVWDJH WKHUDWHRISURSDJDWLRQRIGLVORFDWLRQPD\EHPXFKVORZHU WKDQ WKDWRI
DQQLKLODWLRQ (YHQWXDOO\ UHFRPELQDQW GLVORFDWLRQV SRVVHVVHGZRUVH GHIRUPDWLRQ UHVLVWDQW FDSDELOLW\ XQWLO WKH ODVW
F\FOH$QRWKHUPHFKDQLVPZDVGUDVWLFPRWLRQRIPRELOHGLVORFDWLRQVDQGGLVSHUVLYHVOLSEDQGVHVSHFLDOO\DWKLJK
WHPSHUDWXUHV GXULQJ WKH VRIWHQLQJ SHULRG$W ORZHU WRWDO VWUDLQ UDQJHV FRUUHVSRQGLQJ ORZHU SODVWLF VWUDLQ UDQJHV
ZHUHJHQHUDWHG7KXVDWORZHUVWUDLQVWKHVRIWHQLQJZDVQRWSURQRXQFHGGXHWRRQO\VLQJOHRUOLWWOHVOLSEDQGVDQG
GLVORFDWLRQV DW VOLS LQWHUDFWLRQV 'XULQJ GHIRUPDWLRQ RI SXUH IDWLJXH DQ HTXLOLEULXP GHQVLW\ RI VOLS EDQGV ZDV
DFKLHYHGPRUHHDVLO\VLQFHOHVVVOLSEDQGVDQGGLVORFDWLRQVQXFOHDWHGZKLFKOHGWRVWDELOL]HGF\FOLFVWUHVVUHVSRQVH

)LJ&\FOLFVWUHVVUHVSRQVHEHKDYLRUV
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3.3. Microstructures after heat treatments 
9DULRXVPLFURVWUXFWXUHVZHUHSUHVHQWHGDWGLIIHUHQWUHJLRQVRIWKHGLVFGXHWRLQIOXHQFLQJIDFWRUVRIGHIRUPDWLRQ
WHPSHUDWXUHV GHIRUPDWLRQ YHORFLWLHV DQG VR RQ LQ WKH SURFHVV RI PHWDO IRUJLQJ 7KLV PD\ EH RQH RI WKH PRVW
LPSRUWDQWUHDVRQVIRUWKHGLIIHUHQFHVRISXUHIDWLJXHHQGXUDQFHVRIWKHWKUHHORFDWLRQV
$IWHUKHDW WUHDWPHQWVDYHUDJHJUDLQ VL]HRI WKHDVUHFHLYHGPDWHULDOVZLWK LQKRPRJHQHRXV UDGLFDO IRUJLQJGLVF
ZDV LQ WKH UDQJH RI ȝP2EVHUYDWLRQV RIPLFURVWUXFWXUHV RQ DYHUDJH JUDLQ VL]H DQG GLVWULEXWLRQ RI į SKDVH
WDNHQDWGLIIHUHQWVDPSOLQJSRVLWLRQVZHUHVKRZQLQ)LJDF7KHPLFURVWUXFWXUHVRIRXWHUPRVWDQGLQWHUPHGLDWH
OD\HUVKRZHGWKHVLPLODUDYHUDJHJUDLQVL]HZLWKȝPLQ)LJDF+RZHYHUVOLJKWO\FRDUVHUȖDYHUDJHJUDLQ
VL]HRIDERXWȝPFDQDOVREHFDOFXODWHGDW LQQHUPRVW OD\HU7KHUHIRUHDYHUDJHJUDLQVL]HVDWGLIIHUHQWVDPSOLQJ
SRVLWLRQVRI WKH IRUJLQJGLVFPD\QRWDIIHFW WKHSXUHIDWLJXHHQGXUDQFHVLJQLILFDQWO\ ,WZDVZRUWKQRWLQJ WKDW WKH
SURSRUWLRQRI įSKDVHRI WKH LQKRPRJHQHRXV UDGLFDO IRUJLQJGLVF LQFUHDVHG LQVLGH DQGRXW LQ)LJD QDPHO\ WKH
SHUFHQWDJHVRIWKHVHFWLRQDUHDRIįSKDVHZHUHDQGPHDVXUHGE\,PDJH3UR3OXVVRIWZDUH
UHVSHFWLYHO\ $GGLWLRQDOO\ WKRXJK WKH DYHUDJH JUDLQ VL]HV ZHUH VR DSSUR[LPDWH WKDW FDQ EH LJQRUHG +7/&)
HQGXUDQFHV RI GLIIHUHQW VDPSOLQJ UHJLRQV PD\ LQIOXHQFHG E\ SUREDELOLW\ GHQVLW\ IXQFWLRQV RI JUDLQ VL]HV /DUJH
VFDWWHULQJV RI LQWHUPL[HG JUDLQ VL]HV ZHUH REWDLQHG DW WKH LQWHUPHGLDWH DQG RXWHUPRVW OD\HU ZKLOH PRUH
KRPRJHQHRXV JUDLQ VL]HZDV REWDLQHG DW WKH LQQHUPRVW OD\HU LQ )LJ E )URP WKH H[SHULPHQWDO UHVXOWV XQLIRUP
PLFURVWUXFWXUHDWWKHLQQHUPRVWOD\HUPD\VLJQLILFDQWO\LPSURYHWKHSURSHUWLHVRQ+7/&)OLIH
7KHLQIOXHQFLQJIDFWRURIGLVWULEXWLRQVRIįSKDVHZDVGLVFXVVHGLQGHWDLO7KHSULPDU\VWUHQJWKHQLQJȖƎSKDVHDQG
LWV HTXLOLEULXP į SKDVH VKDUHG WKH VDPH1L1E FRPSRVLWLRQ RQO\ ZHUH GLIIHUHQW IURP WKRVH LQ FU\VWDO VWUXFWXUH
'2IRUȖƎSKDVHDQG'2DIRUįSKDVH7KHSUHFLSLWDWLRQRIįSKDVHDORQJWKHULFK1EJUDLQERXQGDULHVFRQVXPHD
ODUJH DPRXQW RI 1E HOHPHQW ZKLFK UHVXOWHG LQ VHJUHJDWLRQ RI WKH DOOR\LQJ HOHPHQW +RZHYHU KLJK FRQWHQW RI
HOHPHQW1EFDQVLJQLILFDQWO\ LPSURYHDQWLSKDVHERXQGDU\HQHUJ\$3%RIFRPSOHPHQWHGVWUHQJWKHQLQJȖ
SKDVH
DQGLQFUHDVHWKHUHVLVWDQFHWRGLVORFDWLRQVKHDULQJ/HVVFRQWHQWRI1EHOHPHQWZDVGLVVROYHGLQįSKDVHDWWKHFRUH
RI WKH UDGLFDO IRUJLQJ GLVF DQG DV D FRQVHTXHQFH KLJK WHPSHUDWXUH SHUIRUPDQFHV RI *+ VXSHUDOOR\V ZHUH
SURPRWHG (YHQ PRUH LPSRUWDQW RYHUDEXQGDQW SUHFLSLWDWLRQ RI į SKDVH DW WKH FRPSDUDWLYHO\ ULP RI WKH UDGLFDO
IRUJLQJGLVFPD\FDXVHWKHDSSHDUDQFHRIȖƎSKDVHGHSOHWHG]RQHDURXQGWKHįSKDVHWKDWZHDNHQHGVWUHQJWKHQLQJ
HIIHFWVRI+7/&)SHUIRUPDQFH7KHQJUDLQERXQGDULHVDQG OLWWOHFRKHUHQW UHODWLRQEHWZHHQįSKDVHDQGPDWUL[Ȗ
SKDVH PD\ EH UHJDUGHG DV LQFHQWLYH IDFWRUV RI LQWHUQDO LQWHUJUDQXODU GDPDJH EHFDXVH IXUWKHU VHULRXV VWUHVV
FRQFHQWUDWLRQPLFURFUDFN LQLWLDWHV JHQHUDWHG LQ WKH JUDLQ ERXQGDU\ DIWHU WHVWV (YHQWXDOO\ GLIIHUHQW DPRXQWV RI
GHWULPHQWDOįSKDVHSDUWO\GHWHUPLQHGWKH+7/&)OLIHRIGLIIHUHQWVDPSOLQJOD\HUV6RIDULQWKHDERYHGLVFXVVLRQ
PLFURVWUXFWXUDO FKDQJLQJ RI LQVLGH DQG RXWVLGH RI WKH GLVF ZHUH DQDO\]HG DQG H[SODLQHG 1HYHUWKHOHVV
PLFURVWUXFWXUHVDWLQWHUPHGLDWHOD\HUZHUHDNLQWRWKRVHDWRXWHUPRVWOD\HUZKDWHYHUIURPWKHYLHZRIDYHUDJHJUDLQ
VL]HSHUFHQWDJHRIįSKDVHDORQJWKHJUDLQERXQGDULHVRUQRQKRPRJHQHRXVRIJUDLQVL]HV
  
)LJ0LFURVWUXFWXUHVRI*+VXSHUDOOR\DIWHUVWDQGDUGKHDWWUHDWPHQWDWDLQQHUPRVWOD\HUELQWHUPHGLDWHOD\HUDQGFRXWHUPRVWOD\HU
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
)LJD3HUFHQWDJHVRIįSKDVHLQVHFWLRQDUHDFKDQJLQJZLWKVDPSOLQJSRVLWLRQVESUREDELOLW\GHQVLW\IXQFWLRQ
RIJUDLQVL]HRIWKH*+VXSHUDOOR\DWGLIIHUHQWVDPSOLQJSRVLWLRQV
3.4. Fracture morphology and secondary crack 
)UDFWXUH PRUSKRORJLHV RI *+ VXSHUDOOR\ RI WZR GLIIHUHQW WRWDO VWUDLQ UDQJHV DIWHU +7/&) WHVWV ZHUH
DQDO\]HGE\6(05HODWLYHO\IODWQHVVIUDFWXUHVXUIDFHVZHUHVHHQDWDORZHUVWUDLQUDQJHǻİ7 ZKLOHURXJK
IUDFWXUHVXUIDFHVFDQEHREWDLQHGDWDKLJKHUVWUDLQUDQJHǻİ7 :KHQWKHWRWDOVWUDLQUDQJHZDVPRUH
QRQSODQHU GLVORFDWLRQV JHQHUDWHG IROORZLQJ E\ WKH HPHUJHQFH RI VOLS V\VWHPV DW GLIIHUHQW SRVLWLRQV DQG SODQHV
(YHQWXDOO\URXJKPDFURIUDFWRJUDSKLFDSSHDUDQFHVFDQEHREVHUYHG2QWKHFRQWUDU\WKHDFWLRQRIORZHUDOWHUQDWLQJ
VWUHVVGXHWRORZHUWRWDOVWUDLQUDQJHZDVWKDWRQO\VLQJOHSODQHUVOLSEDQGZDVDFWLYDWHG$IWHUZDUGVWKHVSHFLPHQ
UXSWXUHGDORQJWKLVSODQHDQGWKHQDVPRRWKHUIUDFWXUHVXUIDFHZDVIRUPHG
$OOWKHFUDFNLQLWLDWLRQVLWHVRFFXUHGRQWKHVXUIDFHRIWKHVSHFLPHQVGXHWRLQFOXVLRQVQHDUWKHVXUIDFHDQGWKH
HIIHFW RI R[LGDWLRQ RQ WKH FUDFN LQLWLDWLRQ DV VHHQ LQ )LJ D 7\SLFDO FKDUDFWHULVWLF LQ IDWLJXH WHVWV ZDV IDWLJXH
VWULDWLRQVZKLFKFDQDOVREHREVHUYHGRQ WKH IUDFWRJUDSKLFDSSHDUDQFHV LQ)LJD$GGLWLRQDOO\ WKHH[LVWHQFHRI
LQWHUQDO LQWHUJUDQXODU FUDFNV LQGLFDWHG WKDW VRPH į SKDVHPD\ VHSDUDWH IURP WKH JUDLQ ERXQGDU\ DQGZHDNHQ WKH
JUDLQERXQGDU\DWWKHHOHYDWHGWHPSHUDWXUHGXULQJWKHIDWLJXHWHVWV
6HFRQGDU\FUDFNVZHUHXWLOL]HGWRREVHUYHWKHPRGHRIFUDFNLQLWLDWLRQDQGFUDFNSURSDJDWLRQ,WZDVFOHDUIURP
)LJEWKDWWUDQVJUDQXODULQLWLDWLRQDQGJURZWKZHUHYLVLEOHRQWKHVHFRQGDU\FUDFNVE\20)XUWKHUPRUHWKLVFDVH
ZDVLQGHSHQGHQWRIWRWDOVWUDLQUDQJHVDQGVDPSOLQJSRVLWLRQVGXHWRWKHIDLOXUHPHFKDQLVPEHLQJWUDQVJUDQXODUIURP
WKHIUDFWXUHVXUIDFHV&RPSDUHGZLWK)LJDFREYLRXVVOLSEDQGVLQJUDLQVFDQEHVHHQDIWHU+7/&)WHVWVDVZHOO
$OWKRXJKWKHPRGHRIFUDFNJURZWKWHQGHGWREHVOLJKWPL[HGWUDQVLQWHUWUDQVJUDQXODUORZUDWLRVRILQWHUJUDQXODU
FUDFNSURSDJDWLRQSURFHVVFDQQRWDIIHFWWKHRYHUDOOJURZWKWUHQGEHFDXVHWKHFUHHSHIIHFWFDXVHGE\JUDLQERXQGDU\
YRLGVFDQEHDEVROXWHO\LJQRUHGLQSXUHIDWLJXHWHVWVDWHOHYDWHGWHPSHUDWXUH
 
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)LJD7\SLFDOIDWLJXHFKDUDFWHULVWLFVE\WKHDQDO\VLVRIIUDFWXUHDSSHDUDQFHZKHQǻİT 
DWRXWHUPRVWOD\HUEW\SLFDOVHFRQGDU\FUDFNZKHQǻİT DWLQWHUPHGLDWHOD\HU
3.5. The fatigue model 
$FFRUGLQJWRWKH+7/&)OLIHLQWKLVH[SHULPHQWDW\SLFDOIDWLJXHPRGHOZDVSUHVHQWHGLQWKLVVHFWLRQ7KHILJXUH
RIOLIHSUHGLFWLRQFDSDFLW\ZDVXVHGWRYHULI\WKHDFFXUDF\RIWKHPRGHORSWLPL]HWKHSDUDPHWHUVIRU*+DQG
FRPSDUHWKHGLIIHUHQFHVEHWZHHQ*+DQG,QFRQHORQ+7/&)
7KHZHOONQRZQ0DQVRQ&RIILQHTXDWLRQZDVSUHVHQWHGZKLFKFODULILHG WKHUHODWLRQVKLSEHWZHHQSODVWLFVWUDLQ
UDQJHǻİ3DQGIDWLJXHOLIH1I)XUWKHUǻİ3ZDVUHSODFHGE\WRWDOVWUDLQUDQJHǻİ7>@
   b cT f fǻİ B N C N      
,Q RUGHU WR JHW D JURXS RI PRUH DFFXUDWH SDUDPHWHUV WKDW ZDV VXLWDEOH IRU *+ VXSHUDOOR\ WKH ILWWLQJ
SURFHGXUHVDUHVKRZQDVIROORZVGXULQJWKHRSWLPL]DWLRQSURFHVVEODFNVTXDUHSRLQWV LQ WKHVKDGRZUHJLRQVRI
)LJZHUHGLVVRFLDWHGIURPWKHILWWLQJRIPRGHOSDUDPHWHUVGXHWRODUJHGHYLDWLRQRQ+7/&)OLIHEHWZHHQ,QFRQHO
DQG*+VXSHUDOOR\DWORZHUVWUDLQUDQJHVDVPHQWLRQHGEHIRUH,QVWHDGJUHHQWULDQJXODUSRLQWVJRWDGGHG
WRWKHILWWLQJSURFHVVIRUSXUSRVHRIJHWWLQJRSWLPL]HGSDUDPHWHUVDQGDİ1FXUYHWKDWZHUHVXLWDEOHIRU*+,Q
FRQFOXVLRQEODFNVTXDUHSRLQWVEH\RQGWKHVKDGRZUHJLRQVDQGJUHHQWULDQJXODUSRLQWVLQWKHVKDGRZUHJLRQVRI
)LJ ZHUH XVHG WR ILW WKH RSWLPL]HGPRGHO SDUDPHWHUV DQG WKH UHPQDQW  SRLQWV LQ WKLV VWXG\ JUHHQ WULDQJXODU
V\PEROVEH\RQGWKHVKDGRZUHJLRQVLQ)LJZHUHXWLOL]HGWRSUHGLFW+7/&)OLIH
2ULJLQDOİ1FXUYHZDVSORWWHGLQ)LJDZKHUHDOOWKHPRGHOSDUDPHWHUVZHUHILWWHGE\,QFRQHOE\1$6$>@
DOO WKH EODFN VTXDUH SRLQWV LQ )LJ  ZKLOH WKH RSWLPL]HG RQHZDV DOVR SORWWHG LQ )LJ E 7KH OLIH SUHGLFWLRQ
FDSDFLWLHVXVLQJRULJLQDODQGRSWLPL]HGSDUDPHWHUVZHUHVKRZQLQ)LJF,WZDVZRUWKQRWLQJ WKDW WKHSUHGLFWLYH
HIIHFWRIRSWLPL]HGSDUDPHWHUVZDVPXFKEHWWHUWKDQWKDWRIRULJLQDOSDUDPHWHUV


)LJ7KHGLIIHUHQFHVEHWZHHQ,QFRQHODQG*+VXSHUDOOR\RQ+7/&)OLYHVXQGHUWKHVLPLODUFRQGLWLRQV

  
)LJDİ-NFXUYHE\RULJLQDOSDUDPHWHUVEE\RSWLPL]HGSDUDPHWHUVFOLIHSUHGLFWLRQFDSDFLWLHVRIGLIIHUHQWJURXSVRIPRGHOSDUDPHWHUV
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&RQFOXVLRQ
+7/&) EHKDYLRUV RI *+ VXSHUDOOR\ SUHSDUHG E\ VWDQGDUG KHDW WUHDWPHQW ZHUH LQYHVWLJDWHG 7KH
LQKRPRJHQHRXVUDGLFDOIRUJLQJGLVFZDVGLYLGHGLQWRWKUHHVDPSOLQJUHJLRQVGXHWRGLIIHUHQWIDWLJXHOLYHVDWHOHYDWHG
WHPSHUDWXUHVDQGPLFURVWUXFWXUHVDWUHVSHFWLYHOD\HUV+7/&)WHVWVDW&ZHUHFRQGXFWHGDWGLIIHUHQWWRWDOVWUDLQ
UDQJHVDQGGLIIHUHQWVDPSOLQJSRVLWLRQV7KHIROORZLQJFRQFOXVLRQVZHUHGUDZQIURPWKLVZRUN
 7KH VSHFLPHQV DW WKH LQQHUPRVW OD\HU VKRZHG WKH EHVW IDWLJXH UHVLVWDQFH SHUIRUPDQFHVZKLOH WKH VKRUWHVW
+7/&)OLIHZDVREVHUYHGDWWKHRXWHUPRVWOD\HURQWKHVDPHRWKHUFRQGLWLRQV
0LFURVWUXFWXUHVDIWHUKHDWWUHDWPHQWZHUHDQDO\]HGE\GLIIHUHQWVDPSOLQJSRVLWLRQV7KHGLVWULEXWLRQRIJUDLQV
ZDVPRUHKRPRJHQHRXVDQGWKHFRQWHQWRIįSKDVHDORQJWKHJUDLQERXQGDU\ZDVORZHUDWWKHLQQHUPRVWOD\HU
 7\SLFDO IDWLJXH FKDUDFWHULVWLFV RFFXUUHG DIWHU +7/&) WHVWV ZKHUH VWULDWLRQV ZHUH YLVLEOH RQ WKH IUDFWXUH
DSSHDUDQFHVDQGWUDQVJUDQXODUFUDFNLQLWLDWLRQIROORZHGE\WUDQVJUDQXODUJURZWKGRPLQDWHGWKHWUHQGRIVHFRQGDU\
FUDFNV
$QHZRSWLPL]DWLRQSURFHVVRIPRGHOSDUDPHWHUVZDVSURSRVHG$PRUHDFFXUDWHİ1FXUYHZDVSORWWHGE\
PL[HGGDWDSRLQWVIURPERWK,QFRQHODQG*+LQWKLVZRUN$OPRVWDOOWKHSUHGLFWLYHUHVXOWVIHOOLQWRDUDQJH
ZLWKLQDVFDWWHUEDQGRI
$FNQRZOHGJHPHQWV
7KHDXWKRUVDUHJUDWHIXOIRUWKHVXSSRUWE\1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQVRI&KLQD

5HIHUHQFHV
>@ &0.XR<7<DQJ&1:HL&&7DL$JLQJHIIHFWVRQWKHPLFURVWUXFWXUHDQGFUHHSEHKDYLRURI,QFRQHOVXSHUDOOR\0DWHULDOV
6FLHQFHDQG(QJLQHHULQJ$
>@ 3*DR.=KDQJୈ%=KDQJୈ66-LDQJ0LFURVWUXFWXUHVDQGKLJKWHPSHUDWXUHPHFKDQLFDOSURSHUWLHVRIHOHFWURQEHDPZHOGHG,QFRQHO
VXSHUDOOR\WKLFNSODWH7UDQVDFWLRQVRI1RQIHUURXV0HWDOV6RFLHW\RI&KLQD
>@ -6=DQJ+LJKWHPSHUDWXUHGHIRUPDWLRQDQGIUDFWXUHRIPDWHULDOV6FLHQFH3UHVV%HLMLQJ
>@ 6 3 =KX + = +XDQJ $ JHQHUDOL]HG IUHTXHQF\ VHSDUDWLRQ±VWUDLQ HQHUJ\ GDPDJH IXQFWLRQ PRGHO IRU ORZ F\FOH IDWLJXH±FUHHS OLIH
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